To defend against their adversaries, bacteria and phage engage in cycles of 12 adaptation and counter-adaptation that shape their mutual evolution [1][2][3] . Vibrio cholerae, 13 the causative agent of the diarrheal disease cholera, is antagonized by phages in the 14 environment as well as in human hosts 4,5 . The lytic phage ICP1 has been recovered from 15 cholera patient stool and water samples over at least 12 years in Bangladesh 6-8 and is 16 consequently considered a persistent predator of epidemic V. cholerae in this region. In 17 previous work, we demonstrated that mobile genetic elements called phage-inducible 18 chromosomal island-like elements (PLEs) protect V. cholerae from ICP1 infection 7,9 . PLEs 19 initiate their anti-phage response by excising from the chromosome, however, the 20 mechanism and molecular specificity underlying this response are not known. Here, we 21
large C-terminus containing a putative zinc ribbon domain and coiled-coiled motif characteristic 48 of large serine recombinases (LSRs) 10 . Typically found in temperate phages, LSRs have the 49 ability to catalyze recombination between attachment (att) sites [11] [12] [13] . Only the LSR is required to 50 catalyze recombination between episomal (attP) and chromosomal (attC) sites, leading to 51 integration of the episome into the host chromosome. To reverse this process, a recombination 52 directionality factor (RDF) is required to physically interact with the LSR and direct the LSR to 53 recombine the left (attL) and right (attR) attachment sites, resulting in excision of DNA between 54 these sites ( Fig. 1c ). To determine if Int plays a role in PLE circularization during ICP1 infection, 55 PLE 1 Δint was challenged with ICP1. Unlike wild-type PLE, circularization was not detected in 56
the Δint strain. PLE circularization was restored with in trans Int expression, but only during 57 ICP1 infection ( Fig. 1d, Supplemental Fig. 1a ). To determine if PLE 1 Int is a functional LSR, we 58 performed integration assays to probe the ability of Int to recombine the attC and attP sites. 59
Through both in vivo (Supplemental Fig. 1b ) and in vitro (Supplemental Fig. 1c ) assays, we 60 found that Int is sufficient to recombine attP and attC sites, as is characteristic of LSRs 11, 12 . 61
These assays demonstrate that Int is necessary for PLE circularization in response to ICP1 62 infection and is a functional LSR that can catalyze recombination between att sites. 63
Expression of Int is not sufficient to catalyze circularization of PLE 1 in the absence of 64 phage infection, so an RDF is required to direct Int to recombine the attL and attR sites as is 65 Unexpectedly, all of the PLE ORF knockouts still circularized, implying that the RDF is not PLE-71 encoded ( Supplementary Fig. 2a ). To establish the minimal PLE-encoded factors required for 72 circularization, we constructed a 'miniPLE', which has Int under control of its endogenous 73 promoter and a kanamycin cassette flanked by att sites, integrated into the V. cholerae 74 chromosome in the same location as PLE 1 (Fig. 2a ). In support of the mutational analyses 75 (Supplemental Fig. 2a ), the miniPLE circularized and excised from the chromosome during 76 ICP1 infection (Fig 2a., Supplemental Fig. 2b ). Together with the inability of PLE 1 Δint to 77 circularize ( Fig. 1d ), these results demonstrate that Int is necessary and sufficient for PLE 1 78 circularization during ICP1 infection. 79
Due to the specificity of circularization during ICP1 infection, we hypothesized that ICP1 80 encodes a gene product that directs Int-mediated PLE circularization during infection. To identify 81 this phage-encoded gene product, we screened for ICP1 mutations that abolished miniPLE 82 circularization during infection. Through this screen, we identified a hypothetical ICP1 gene 83 product annotated as ORF51 (YP_004250992.1) that was dispensable for ICP1 plaque 84 formation (Supplemental Fig. 3 ) but necessary for miniPLE circularization (Fig. 2b ). Additionally, 85 ectopic expression of this ICP1 gene product from a plasmid in the absence of phage infection 86 resulted in robust miniPLE circularization ( Fig. 2c ). As this gene product is both necessary and 87 sufficient for Int-mediated miniPLE excision, we named it phage-encoded excisionase (PexA). 88
PexA is a small protein unique to ICP1 isolates that has no sequence similarity to known 89
proteins. 90
Consistent with the rapid kinetics of PLE 1 circularization 9 , we found that PexA is 91 expressed de novo within five minutes of ICP1 infection ( Fig. 2d ), leading us to hypothesize that 92 PexA is hijacked by PLE 1 to function as the RDF for Int-mediated PLE excision. The ability of 93
PexA to physically interact with Int was probed with a bacterial adenylate cyclase two-hybrid 94 (BACTH) assay, in which LacZ expression was detected when both Int and PexA were fused to 95 adenylate cyclase subunits ( Fig. 3a ). This interaction was further validated using an in vitro 96 pulldown assay, in which PexA coeluted with 6xHis-tagged Int (Fig. 3b ). 97
Recombination in characterized LSR/RDF systems requires solely the LSR, RDF, and 98 DNA substrates 13,17,14 . To determine if PexA directs Int to excise and circularize PLE, in vitro 99 recombination assays were performed using PCR fragments containing the attR and attL sites 100 and purified PexA and Int (Fig. 3c ). Addition of neither PexA nor Int alone led to recombination 101 between attR and attL; however, when Int and PexA were both added, recombination products 102 were detected ( Fig. 3c ). RDFs have also been shown to block LSR-mediated integration 14 . 103 Consistent with this model, we observed that addition of PexA to an attC and attP recombination 104 reaction blocks Int-mediated integration in vitro (Fig. 3d ). These data demonstrate that phage-105 encoded PexA is the RDF for PLE 1 Int and provide the first example of an LSR/RDF pair being 106 encoded in different genomes. 107
For PLE to successfully exploit ICP1 PexA for excision, we hypothesized that PexA 108 would be evolutionarily conserved over time. In support of this assertion, analysis of ICP1 109 genomes from a 12-year period shows that PexA is present and that it is 99% identical in all 110 ICP1 isolates (Supplemental Fig. 4a ). The conservation of PexA led us to speculate that 111 although PexA is not essential (Supplemental Fig. 3 ), it is likely integral to the ICP1 lifecycle. To 112 test this hypothesis, ΔpexA phage were competed against wild-type phage in the absence of 113 PLE (Fig. 4a ). Strikingly, the proportion of ΔpexA phage after each round of passaging dropped 114 significantly, demonstrating that pexA is critical for the fitness of ICP1 ( Fig. 4b ). Hence, ICP1's 115 ability to avoid stimulating PLE 1 circularization and horizontal spread by acquiring mutations in 116 pexA is limited by associated fitness costs. Interestingly, ICP1 ΔpexA is still unable to form 117 plaques on a PLE 1 host ( Fig. 4c ), indicating that PLE circularization is not required for PLE-118 mediated anti-phage activity. 119
As all five PLEs contain a putative LSR and respond to ICP1 infection by circularizing 120 following infection 9 , we set out to examine the conservation of the Int/PexA interaction. Upon 121 ectopic expression of PexA, all PLEs, except PLE 2, demonstrated functional circularization 122 ( Fig. 4d ). This finding is rather remarkable, given the spatiotemporal distribution of samples from 123 indicates that PLE 2 evolved to recognize a unique RDF, possibly altering att site specificity in 131 the process. 132
We report the first LSR/RDF system in which the interacting LSR and RDF are encoded 133 in separate genomes. The exploitation of PexA by PLE demonstrates co-evolution with ICP1, 134
as PLE has evolved to use an integral phage protein to direct PLE excision and circularization. 135
By binding PexA, which is expressed early in infection, V. cholerae PLE 1 is able to quickly 136 detect and respond to ICP1 infection. PLE excision during ICP1 infection enables mobilization of 137 PLE to neighboring cells, and we have previously shown that transduction is Int dependent 9 . It is 138
interesting to note, then, that PLE exploitation of PexA forces ICP1 to directly contribute to 139 horizontal spread of this anti-ICP1 genomic island. As PexA is unique to ICP1, its function as 140 the RDF for PLE 1 Int defines one component underlying the molecular specificity of the 141 interaction between PLE and ICP1. This specificity supports the hypothesis that PLE is not a 142 general phage defense mechanism, but an evolved, highly attuned, and specific response 143 evolved to combat continued predation by ICP1. 144
Since PLE's capacity to block ICP1 plaque formation is not dependent on PexA-145 mediated circularization of PLE during infection (Fig. 4c ), we hypothesize that multiple ICP1- Ectopic gene expression vectors were created from a modified pMMB67EH vector 24 engineered 171 to contain a theophylline inducible riboswitch 25 . Plasmids were constructed using Gibson 172 assembly (NEB), and introduced into V. cholerae through conjugation with E. coli S17. ICP1 173 mutants were created as described through CRISPR-Cas gene editing 26 . All constructs were 174 confirmed with DNA sequencing of the region of interest. cholerae host using the soft-agar overlay method. Plaques were picked into 50 µL water and 201 boiled for 10 minutes, and 2µL of the boiled template was used for circularization PCR as 202 described above. Since mutants were not clean deletions of individual gene products, hits that 9 failed to circularize miniPLE were verified by making clean deletions of the individual gene 204 products and re-tested for miniPLE circularization phenotypes. 205 206 Western Blot. To detect the presence of PexA following phage infection, V. cholerae cultures 207 were grown to OD 600 = 0.3 and infected with the indicated phage at MOI = 5, and 2 mL samples 208 were taken at the time points indicated. Samples were washed with methanol and phosphate 209 buffered saline (PBS) before being pelleted, re-suspended in 1x Leammli buffer (Bio-rad), and 210 boiled for 10 minutes. Boiled samples were then loaded onto an SDS-PAGE gel for blotting 211 analysis with custom rabbit-α-PexA primary antibodies (GenScript) and goat-α-rabbit-HRP 212 conjugated secondary (Bio-rad). Blots were developed with Clarity Western ECL Substrate (Bio-213 rad) and imaged on a Chemidoc XRS Imaging System (Bio-rad). 214 215 Bacterial adenylate two-hybrid (BACTH) assay. Genes of interest were cloned into the 216 multiple cloning sites of the pUT18 and pKT25 as described previously 27 . Three independent 217 colonies were separately picked into 1 mL of LB and 3 µL was spotted onto selective medium 218 containing kanamycin and ampicillin with 0.5 mM IPTG and X-gal. Plates were incubated for 24 219 hours at 30°C before being imaged. In vitro recombination. Purified Int and/or PexA were added to 20 µL reactions in the 247 concentrations listed (Fig. 3, Supplemental Fig. 1b ) with 200 ng purified PCR products 248 containing the indicated att sites in buffer (50 mM HEPES pH 7.2, 150 mM NaCL, 10% glycerol, 249 0.5 mg/mL BSA, 5mM spermidine). Reactions were incubated for 2 hours at 37°C followed by 250 10 minutes at 75°C to heat inactivate. The entire 20 µL reaction was then run on a 2% agarose 251 gel and visualized with Gel Green. 252 253 11 Competition assay. PLE (-) V. cholerae was grown to an OD 600 =0.3, and 800 µL was diluted 254 into a total of 5mL LB. Equal PFUs of wild-type and mutant phage were mixed and added at an 255 MOI of 0.01. The OD 600 of the culture was monitored until lysis. Lysate was collected, treated 256 with chloroform and centrifuged to remove bacterial debris. A second round of passaging was 257 initiated using 10µL of cell free phage-containing lysate diluted 1:100 (MOI=0.01-0.001). The 258 ratio of wild-type to mutant phage in the population was quantified before and after each round 259 of passaging in triplicate. For quantification, two hosts (restrictive and permissive) were used. 260
The restrictive host was CRISPR-Cas + V. cholerae 4 with a spacer targeting pexA. On this host, 261 the wild-type phage is unable to form plaques (efficiency of plaquing (EOP) <4x10 -5 ), allowing 262 us to enumerate only the ΔpexA mutant. The permissive host, without CRISPR targeting, 263 allowed us to quantify the total phage population. The relative proportion of mutant phage was 264 determined to be the amount of mutant phage in the total phage population, and the passaged 265 series was normalized to a starting proportion of 0.5 for visualization (actual values between 0.3 266 and 0.6). Differences between groups were analyzed using a 2-tailed Student's T-Test. 267 268 Phage plaque spot plates. V. cholerae grown to mid-log was added to 0.7% molten LB agar, 269 poured over a solid agar plate, and allowed to solidify. 3 µL of each ten-fold dilution of phage in 270 LB was spotted onto the solid surface and allowed to dry. Plates were incubated at 37°C 271 overnight before being imaged. 
